Study design: A systematic review. Objectives: The aim of this systematic review was to establish whether combined aerobic training and muscle strength training is effective in improving aerobic fitness, muscle strength, function and/or quality of life (QoL) in people with spinal cord injury (SCI). Settings: Faculty of Health Sciences. University of Sydney, NSW, Australia. Methods: A search was conducted for randomized controlled trials (RCTs), controlled trials, uncontrolled clinical trials, case series and cross-over studies involving exercise interventions that included a combination of aerobic and strength components, either in circuitmode or in sequence for people with SCI. Methodological quality was independently rated using the PEDro scale and key findings were extracted from trials by two reviewers. Results: The search identified 7981 abstracts, from which nine trials met the inclusion criteria. From the nine selected trials, seven reported aerobic outcomes, two of which showed a statistically significant within-group difference in aerobic fitness. Five studies reported muscle strength outcomes, four of them showed a statistically significant within-group mean difference on at least one outcome measure. Two studies looked at QoL, one of them found a statistically significant between-group difference on one outcome measure. Conclusion: Our systematic review showed that literature on SCI population is scarce, of low quality and findings of existing studies are inconsistent. Thus, further RCTs with larger number of participants are needed to make a definite conclusion about the influence of combined aerobic and muscle strength training on aerobic fitness, muscle strength and QoL in people with SCI.
INTRODUCTION

Rationale
A spinal cord injury (SCI) leads to dramatic changes in a person's lifestyle. As a result of a spinal cord lesion, physical impairments arise that have a negative impact on the ability of the individual to perform activities within the range considered 'normal' for a human being, consequently diminishing physical functioning (that is, the execution of a task, such as transfer from the wheelchair to the bed) and quality of life (QoL). [1] [2] [3] Exercise interventions are widely available that deal with two important physical impairments: low aerobic fitness and reduced muscle strength and endurance.
Aerobic fitness is reduced after SCI due to impaired redistribution of arterial blood, venous blood pooling below the level of the spinal cord lesion (that is, deep venous thrombosis), 4 altered cardiovascular autonomic control 4 and a more sedentary lifestyle 5 in comparison to able-bodied people. 6 Muscle strength is decreased because neurological input to the affected muscles that retain partial innervation is deficient, leading to the loss of normal activation timing and force-generating capacity. 7 Secondary to the loss of neural inputs are negative musculoskeletal adaptations such as transformation to faster muscle fibers (IIa, IIb) 7 increased contractile speed and increased fatigue in partially paralyzed and also innervated muscles in people with SCI. 7 Moreover, lack of training of innervated muscles may compromise physical function resulting in physical and QoL impairments. 8, 9 By improving these physical impairments (that is, low aerobic fitness and reduced muscle strength to partial innervated and innervated regions), exercise interventions aim to impact positively on the functional outcomes and QoL, becoming the ultimate goal of post-traumatic rehabilitation. [10] [11] [12] However, finding an intervention that is effective in targeting both muscle strength and aerobic fitness, and one that can be performed in a short period of time is challenging.
Combined aerobic and strength conditioning is potentially useful because it can improve both impairments, as well as improve functional outcomes in a relatively short period of time. Such combined-mode training may also be cost effective, as it can be performed in any community gym, that is adapted to wheelchair use. Previous studies that have investigated this type of intervention demonstrated improvements in aerobic fitness and/or muscle strength. [13] [14] [15] [16] [17] [18] In addition, some previous reports have found that combined-mode interventions may also be effective for improving functional abilities and QoL. 11, [14] [15] [16] 18, 19 Nevertheless, the findings of these previous investigations have not been subject to the rigors of systematic review or meta-analysis techniques to arrive at a definite conclusion as to their physiological benefits or clinical efficacy. Although many systematic reviews have analyzed physical fitness in people with SCI, these have encompassed any general physical exercise interventions, including either aerobic fitness or muscle strength training in isolation, but none specifically have investigated the combination of these two. 10, [20] [21] [22] [23] [24] Therefore, it is still unclear whether this type of combined-mode exercise intervention achieves improvements in physical impairments affecting exercise capacity, functional outcomes or QoL in people with SCI who undertake them.
Objective
The aim of this systematic review was to investigate whether combined aerobic training and muscle strength conditioning is effective for improving the aerobic fitness, muscle strength, functional outcomes and/or QoL in people with SCI.
METHODS
Eligibility criteria
The inclusion criteria were, as follows:
Type of study: to be included, studies needed to be randomized controlled trials (RCTs), controlled trials, uncontrolled clinical trials, case series or crossover studies. For cross-over designs, studies were only included if there was a minimum of 6 weeks 'wash-out' between conditions. Theses and doctoral dissertations were not included in this systematic review. For studies that included a control arm, the control arm could be of no activity, sham exercise or regular physiotherapy treatments.
Type of participants: published studies with participants aged 18 years and older, with a SCI of traumatic or non-traumatic origin, complete or incomplete sensorimotor function (ASIA Impairment Scale grade A-D) were considered for inclusion. Only studies with participants deemed chronic SCI (that is, 46 months after injury) were included.
Type of interventions: to be included in this review, studies had to employ an exercise intervention that included a combination of aerobic and strength components, either in circuit training or in sequence training. Circuit training was defined as any exercise program in which a series of different exercises were arranged into components and the participant moved quickly from one component to another with a minimum recovery between them. Sequence training was defined as a single aerobic exercise modality followed by a strength mode (or vice versa), repeated not more than two times in the same session. The aerobic component had to involve exercising the large muscles of the body dynamically for a sufficient duration of time to raise exercise heart rate to a steady-state level (for example, biking, arm cranking, stepping and rowing). The strength component had to involve a voluntary contraction of muscle against a force through the use of free weights, different machines or resistive devices, with the movements controlled and carefully defined. The exercise programs needed to last for at least 3 weeks, with at least two sessions per week conducted for a minimum of 30 min per session.
Studies were excluded if the intervention was not typical of communitybased exercise interventions, which commonly deploy only voluntary muscle contractions. For example, studies were excluded if the interventions involved any of the following: functional electrical stimulation assisted walking, functional electrical stimulation evoked exercise or exercise with partial body weight support. These therapies are usually not available in a community-based exercise setting, thus becoming the reason for these exclusions.
Type of outcomes: to be included, studies needed to report any of the following outcome variables at baseline and post intervention: aerobic fitness (often expressed as peak oxygen uptake; VO 2peak ), muscle strength (often expressed as a maximum weight lifted; 1RM), functional outcomes or QoL. Any assessment tool that measured these variables was included. 
Search strategy
Study selection
After eliminating duplications, the search results were screened independently by two authors of this review (VB and CO) against the eligibility criteria. Those references that could not be eliminated by title or abstract were retrieved and independently reviewed by each of the two reviewers. Disagreements were resolved by discussion or by a third reviewer (JR). Abstracts were included only if they contained all of the required information. Non-English language papers were translated. Some publications required extra information before a decision could be made on their inclusion. For those, the primary or senior authors were contacted via e-mail to provide the requisite information. Papers were discarded if the main author could not be contacted or failed to provide sufficient information about the study.
Data extraction
One reviewer extracted the following data from each included trial: (i) study design, including control condition; (ii) characteristics of trial participants, including age, gender, time since injury and body mass index; (iii) type of intervention, including type, intensity, duration and frequency of aerobic and strength components; (iv) type of outcome measure, including the aerobic and muscle strength outcomes, function and QoL measures. The second reviewer checked the extracted data. Disagreements were resolved by discussion between the two reviewers; if no agreement could be reached, a third reviewer was involved to reach consensus.
Assessment of study quality
The quality of each trial was independently assessed by two reviewers using the Physiotherapy Evidence Database (PEDro) scale. 25 Any disagreements were resolved by an independent third person. The PEDro scale assesses 10 key design features important for minimizing bias and interpreting between-group differences. Higher scores reflect better-quality trials. Ratings were based on the written text and on information provided by the main authors through communication.
Data analysis
All studies provided sufficient data to enable calculation of mean difference (MD) and standardized mean difference (SMD: Hedges's g) and 95% confidence intervals (CIs). In all trials, data collected at the beginning and at the end of the intervention period were extracted. In trials that included a control arm, data were extracted for both intervention and control groups. In trials with no control group, only baseline and end of intervention data from intervention group were extracted. For RCTs or controlled trials both withingroup and between-group MD and SMD (Hedges's g) with 95% CI were calculated for each continuous outcome. For trials with no control group, within-group MD and SMD (Hedges's g) with 95% CI were calculated. Data were extracted from figures and authors were contacted to clarify ambiguities if necessary and feasible.
Forest plots were created using the SMD (Hedges's g) and 95% CI to enable a visual comparison across all the studies that reported outcomes within a category (that is, aerobic outcomes, muscle strength outcomes and so on). For those outcomes that were measured homogenously across studies (that is, muscle strength and QoL), forest plots were also created using MD and 95% CI. All forest plots were created for within-group comparisons and where possible for between-group comparisons. The 95% CI associated with the within-group and between-group MD for each outcome was used to determine whether the effect of the intervention was significant or not within a study. A meta-analysis was not appropriate due to the heterogeneity of exercise prescriptions, outcomes assessed and measurement tools of the included studies. Forest plots of within and between-group differences for all studied outcomes can be found in Figures 2-8 . Not a training intervention (n = 27) Not an aerobic plus muscle strength intervention (n = 60) Not the target population (n = 9) Not the criteria intervention length (n = 3) None of the criteria outcomes (n = 4) Article could not be located (n = 2) From the nine articles that were selected, three studies were part of a single original study. 15, 17, 19 Of these three, we discarded one because it did not match the outcome selection criteria. 17 For the other two, we presented the data for the first original study 19 as the second study used a subset of participants from the original one 15 (personal communication with the lead author). We contacted four authors for further information. All responded and one 14 provided numerical *Total number obtained after the initial search for both SCI and Stroke population. Exercise training after spinal cord injury V Bochkezanian et al data that were not presented in the published paper. We were unable to find any contact information for one of the author. 26 Characteristics of the selected publications Types of study. Nine studies were selected. Only two studies were RCTs published in English. 11, 14 One study was a case series. 13 The rest of the studies analyzed measures pre and post intervention with no control group.
Participants. Study participants were both male and female, with four studies recruiting both female and male and two studies recruiting only males (Table 1) . Three studies did not report gender. Lesion level Got worse with exercise Improved with exercise Figure 4 Within-group SMD (Hedges's g) and 95% CI for muscle strength outcome.
Study name Outcome
Statistics for each study Figure 5 Within-group MD and 95% CI for QoL outcomes.
Exercise training after spinal cord injury V Bochkezanian et al ranged from C 4 to S 1 . Time since injury was from 6 months till 14 years.
Types of interventions. The number of participants in each study ranged from 6 to 34. Seven studies used aerobic and muscle strength in sequence training ( Table 2 ). The duration of the intervention ranged from 7 weeks to 9 months. Sessions were usually between 2-3 times per week and duration of the session varied from 30 to 60 min. Only two studies used circuit training. In all studies, the aerobic component involved either arm crank ergometry or wheelchair propulsion. Five studies used arm crank ergometry. 11, 14, 15, 18, 19, 27 Three studies used wheelchair propulsion. 13, 16, 26 The dose of aerobic exercise Figure 8 Between-group SMD (Hedges's g) and 95% CI for QoL outcomes.
Exercise training after spinal cord injury V Bochkezanian et al was progressively increased from 15 to 40 min for duration and maintaining an intensity of between 40 and 70% of peak heart rate (HR peak ) in most of the studies.
Types of outcomes. For the muscle strength component a variety of exercises involving the main muscles of the upper body were performed using weight machines and elastic bands. Examples of the exercises were the military press, latissimus dorsi pull-down, horizontal row and biceps curls. 28 
Methodological quality
The quality of studies was based on the PEDro scale. Studies scoring 9-10 on PEDro scale are considered of 'excellent' quality, scores ranging from 6 to 8 are considered of 'good' quality. Scores ranging from 4 to 5 are of 'fair' quality and finally studies, where scores are below 4 are of 'poor' quality. 29 Only one RCT scored in each of the 'fair' 14 and 'good' 11 categories based on the PEDro scale. The rest of the studies scored between 0 and 3 on the PEDro scale, showing a 'poor' level of quality. None of the studies utilized concealed allocation and blinding of all participants, therapists and all assessors. Two studies specified the eligibility criteria. 11, 13 Two studies allocated subjects randomly, had baseline similarity and reported between-group statistics. 11, 14 Another two studies analyzed the 'intention to treat'. 11, 26 Four studies measured key outcomes in more than 85% of the initial subjects. 11, 14, 18, 26 Finally, five studies provided point measures and measures of variability for at least one key outcome. 11, 14, 16, 18, 26 Study outcomes All studies provided sufficient data to enable calculation of MD and SMD (Hedges's g) and 95% CI for outcomes related to aerobic fitness, muscle strength and QoL. None of the included studies described any functional or physical activity outcomes. The aerobic outcome most often reported was VO 2 peak , with the exception of one study that used the exercise relationship between HR and power output during an arm crank ergometry assessment. 14 The most common outcome measure for muscle strength was weight lifted by each muscle group in kilograms (kg). All of the studies used 1-Repetition Maximum Tetra: n = 11 (C 4 -T 2 ) Para: n = 10 (T 3 -S 1 )
Con: Tetra: n = 7 (C 4 -C 7 )
Para: n = 6 (T 7 -L 2 )
Ex:
A: n = 6 B: n = 3 C: n = 6 D: n = 6 Exercise training after spinal cord injury V Bochkezanian et al This study used a subset of participants from Jacobs et al. 19 therefore the outcomes are reported from Jacobs et al. 19 only.
Con
d Circuit-mode: any exercise program in which a series of different activities were arranged in sets and the participant moved quickly from one set to another with a minimum of rest between sets.
Exercise training after spinal cord injury V Bochkezanian et al (1RM) in kilograms to express muscle strength outcomes. One study used an imperial measure of weight (pounds), but this was converted to kilograms for the presentation in the forest plot. 19 Aerobic fitness outcomes Seven studies reported aerobic outcomes. One of the RCT studies of 'fair' quality that used a twice weekly circuit resistance in combination with arm ergometry intervention, showed a significant within-training group effect on aerobic fitness with MD (95% CI) of 13.8 b.p.m. W − 1 (0.63-26.9) and between-group effect on aerobic fitness with MD (95% CI) value of 13.1 b.p.m. W − 1 (0.2-25.98) but only for participants with tetraplegia (Table 3) . 14 Four studies of poor quality and with no control groups found no statitistically significant within-group improvements in aerobic measures. 16, 18, 26, 27 The MD (95% CI) from Keyser et al. One study of 'poor' quality showed a statistically significant withingroup difference in aerobic fitness, with a MD (95% CI) of 20 W (3.49-36.5) and a SMD (95% CI) of 0.90 (0.11-1.68). 13 Another study showed also a statistically significant within-group difference, with a MD (95% CI) of 0.43 l min − 1 (0.19-0.66) and a SMD (95% CI) of 1.53 (0.56-2.49) (19) . In this case the dose for aerobic exercise was reported, which was progressively increasing in duration from 15 to 40 min and from 40 to 80% of HR max . Figure 2 shows the forest plot for aerobic fitness outcomes.
Muscle strength outcomes
There is some evidence regarding positive muscle strength outcomes (Table 4) . Five studies investigated the effectiveness of exercise training on muscle strength. Most of these studies showed statistically significant within-group differences in muscle strength on some of the muscle groups assessed.
One study 18 had significant within-group differences for the following upper limb exercises: horizontal row exercise with a MD (95% CI) of 35.5 kg (26.6-44.3); overhead press with a MD (95% CI) of 20.5 kg (3.9-37.01); horizontal butterfly (pectoralis major and minor) with a MD (95% CI) of 23.6 kg (12.7-34.4); biceps curl with a MD (95% CI) of 11.4 kg (5.5-17.2); latissumus dorsi pull-down with a MD (95% CI) of 24.1 kg (12.5-35.6); and triceps extension with a MD (95% CI) of 25.9 kg (16.78-35.01).
Some statistically significant within-group differences were found in another study of 'poor' quality for most of the muscle strength outcomes. The most distinctive results in this case, were found on triceps dips with a MD (95% CI) of 39.0 lb (11.61-66.3) horizontal row with MD (95% CI) 40.4 lb (4.6-76.1) and latissumus dorsi pulldown with MD (95% CI) 33.2 lb (11.4-54.9). 19 The only 'fair' quality study that used a control group reported statistically significant improvements in muscle strength only on one of the muscle groups assessed. In this case, the within-group MD (95% CI) was 4.5 kg (0.93-8.06) and 4.3 kg (0.10-8.49), for right and left biceps, respectively. A significant between-group effect was found for right biceps only with a MD (95% CI) of 4.6 kg (0.38-8.8). 14 Figures 3 and 4 show the forest plots for muscle strength outcomes. Exercise training after spinal cord injury V Bochkezanian et al Exercise training after spinal cord injury V Bochkezanian et al Exercise training after spinal cord injury V Bochkezanian et al
Quality of life (QoL) outcomes
Two studies looked at QoL, using different questionnaires to obtain results regarding pain perception, symptom self-efficacy, perceived control, stress, satisfaction with fundamental needs of daily living, perceived health and depression (Table 5) . 11, 14 The heterogeneity of the scales used to measure QoL made it difficult to compare the studies. One of the questionnaires used was the Reboussin et al. 9-item body satisfaction questionnaire, 30 which included Physical Appearance and Physical Functioning. Only one of studies included in this review found a significant effect on physical appearance using the body satisfaction questionnaire, but only for within-group differences with a MD (95% CI) of 4.47 (1.30-7.6). 14 The only between-group significant difference was found for physical functioning, with a MD (95% CI) of 7.36 (2.04-12.67). 14 
DISCUSSION
Overall, the quality of the published evidence surveyed in this review was not sufficiently robust to determine the effectiveness of combined aerobic training and muscle strength conditioning for improving aerobic, muscle strength, QoL and functional outcomes. Some significant positive effects were found for aerobic fitness outcomes, after resistance training was combined with arm crank exercise in a study of 'fair' PEDro-denoted quality. However, those results were found in one population only (tetraplegics), so there was little evidence to draw any firm conclusions from this one study. 14 Any other significant findings were noted in studies of poor quality. 13, 19 Muscle strength showed some significant positive outcomes on some of the upper limb muscles assessed, but those results were not consistent, showing only within-group differences on some specific muscles. The 'fair' PEDro denoted quality study showed a significant effect for within-and between-groups changes but only on one specific muscle (right biceps). Our findings of low quality levels of evidence among studies related to exercise interventions in people after SCI were similar to findings of other systematic reviews that looked at the effects of exercise training on physical capacities and functional performance in people with SCI. 10, 23, 31 Given our muscle strength results, it seems that the ideal dose would be 50-80% 1RM with progression applied to maintain overload adaptation. 14 It is interesting to highlight that in one study that showed improvements in muscle strength, the strength training dose started with 50% 1RM with the number of sets of exercises also increasing over time. 14 In regards to studies that did not specify a dose, the reason for the inconclusive results could have been that they used light resistance that was subthreshold for a training effect. The other two studies that found significant effects on some of the muscles assessed also specified a training dose starting at 50% of 1RM and increasing progressively up to 60% 1RM. 18, 19 The rest of the studies did not specify an appropriate dose of exercise. 13, 27 Making comparisons between studies and drawing any conclusions about QoL outcomes is problematic due to the lack of one standard scale and the use of many psychological scales and questionnaires. It has been stated in previous studies that a more concrete and universal definition of QoL is necessary to make a true comparison between studies. 32 The evidence regarding QoL is inconclusive, as only three out of fifteen outcomes showed positive results towards improvements in that domain. Overall, evidence is insufficient to draw a solid conclusion regarding QoL outcomes. 11, 14 In regards to the general poor quality of the studies, there are some aspects that are worth mentioning. Among aspects that are missing from SCI studies are blinding of subjects and therapists. These missing aspects are due to difficulties in achieving blinding when using exercise interventions. Another aspect missing in most of the studies is specifying the criteria for selection of participants, this is explained by the fact that narrow criteria could lead to low number of participants and most studies tend to use a pool of participants that could be recruited easily from a rehabilitation center or hospital, rather than recruiting participants with SCI from different sites. Having found only two RCT studies that matched our criteria, it could be implied that performing RCT among the SCI population is difficult to accomplish. There is one barrier when working with people with SCI that would make conducting RCT challenging. An individual with a SCI, when being offered a high quality training intervention or being part of a control group, would most likely refuse to take part if allocated to the control group; there are ethical concerns with denying the possibility of some kind of treatment by including a control group in the study. 33 Our inconclusive findings in aerobic fitness, muscle strength and QoL outcomes were similar to the ones identified in previous systematic reviews about physical interventions in people with SCI. 10, 23, 32 The differences between our review and those previously published were that (i) our review searched only for people with SCI in a chronic state (more than six months after injury), as we wanted to avoid any influence of natural neurological recovery that happens during the first six months after the injury; and (ii) our review only looked at interventions involving either circuit training or aerobic plus muscle strength training performed in sequence, because we were interested in voluntary exercises that are commonly used in community-based exercise interventions, without the use of any special equipment or devices, such as a treadmill or functional electrical stimulation. 10, 23, 32 Finally, our search criteria did not limit the spinal cord injury level because that would have limited the number of research studies and missed relevant information for this systematic review. Although an aerobic training effect would have not been expected in people with higher lesion levels, a significant effect for aerobic fitness was found in tetraplegics.
Limitations A limitation of this review was that we excluded thesis and doctoral dissertations, so we may have missed some unpublished studies with valuable data. Another limitation was that some full text articles could not be located, so we could only use the information provided by title and abstract to make the selection of the articles.
CONCLUSION
Overall, the existing literature on the spinal cord injured population relating to the effects of combined aerobic and muscle strength training on aerobic fitness, muscle strength, function and QoL is scarce and of low quality. There is little evidence to support any statement in favor of aerobic fitness improvements after combined aerobic and muscle strength training. The results of this systematic review provide initial evidence of significant improvements in muscle strength after a combined aerobic and muscle strength training.
Exercise training after spinal cord injury V Bochkezanian et al However, these results are insufficient to draw any definite conclusions. The only conclusion that can be drawn is that the ideal dose for muscle strength training would be 50-80% 1RM with progression applied. As far as QoL is concerned, although the two studies that analyzed this outcome were of 'fair' and 'good' quality, results were limited and lacked consistency for both within and between-groups differences. Functional outcomes were not described in any of the selected studies. Therefore, conclusions about the effectiveness of combined aerobic and muscle strength training on QoL and function cannot be made.
To advance this field of research, further RCT with larger numbers of participants are needed to make a definite conclusion about the influence of combined aerobic and muscle strength training on aerobic fitness, muscle strength and QoL in people with SCI. It would also be of great importance to include functional assessments in within the RCT as part of the main outcome.
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